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An experimental program to evaluate the accuracy and applicability of slug-type

heat-flux meters has been conducted. The aim_ of the program was to substantiate the
4

conclusions drawn under Phase 1, an analytical study, and to, further determine the

major design parameters involved in the use of slug-type heat-fltt_,_eters.

An additional objective of the program was to establish a practical and versatile

laboratory procedure that would provide convective and, radiant heating separately

and concurrently for laboratory calibration of heat-flUX meters. _ apparatus having

this capability was designed and constructed. It consists o$_a 30-tip,_xyacety_ene torch

) and an electrically heated graphite-block radiator with a 6" × 6" heating sttrface.

Standardization of heat flux from the apparatus was established by means of precise

temperature measurements on a special thin plate of stainless steel for which the

heat capacity was precisely known.

Two meter designs were tested. In the Type A meter, no attempt was made to

match the thermal characteristics of the. meter and the structure in which it was

heated. The second design (Type B) provided better insulation for the slug and an

improved mat0_g to the mounting structure.

The results of tests conducted on these meters indicated that when they are heated

by a convective source, their behavior differs from that when they are heated by an

• equivalent flux produced by a radiation source.

Limited testing of Type A meters indicated errors of approximately 60%, while

maximum errors of 25% were observed in the flux indicated by the Type B meters.

This magnitude of error has been attributed primarily to various perturbations caused

by the design of the meter assembly tested. _tJ _)I'v
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INTRODUCTION

In the study of high heat transfer rates, particularly those associated with aero-

dynamic re-entry of orbital or ballistic vehicles and rocket-engine work, consider-

able use has been made of heat-flux meters of various designs. Phase 1 of this

program was an analytical investigation of the accuracy and applicability of sever._l

of these meters, with emphasis being placed primarily on single-capacity or slug-

type meters because of their convenience and widespread use. Experience had pointed

out that results obtained with these meters were at times not in full agreement with

theoretical predictions, the reasons for this disagreement not being apparent. A

study of the important parameters that aifect the accuracy of these meters was there-

fore initiated.

It was concluded under Phase 11 that errors of 20% or more are probably not

uncommon and that larger errors might exist, depending on the care taken in the meter

design and installation. In addition, it was concluded that reliable laboratory calibra-

tion may be difficult to achieve, since the performance of a meter may be dependent

upon the heating mode encountered (i. e., convection or radiation). Thus the calibra-

tion for a meter obtained under radiant-heating conditions may not be strictly applicable

for the meter when used to me_tsure convective heating.

The current program, Phase 2, was aimed at the experimental verification of

these conclusions and the evaluation under various heating conditions of slug-type

meters. B_cause of the large variety of meter designs possible, not all of them could

be tested, but some of the parameters important in these designs were evaluated..

t The text of this report contains a general description of the experimental work

done and the important results obtained. Detailed descriptions of the analytical

methods employed appear in Appendix A, and a summary of the experimental data

obtained can be found in Appendix C.

1. "Analytical Investigation of Heat-Flux Meters," Advanced Technology Laboratories,
a Division of American-Standard, Final Report, ATL-D-711, 31 October 1961.
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SLUG-TYPE HEAT-FLUX METER

A. .Theory of Operation

A slug-type heat-flux meter IS usually a thin slab of high-thermal-conductivity
p.

material, thermally isolated from its surroundings, and having a thermocouple

attached _o its unheated surface. It is basically a single-thermal-capacitance system

whose temperature and rate-of-change of temperature are a measure of the total

imposed heating and the instantaneous heating rate, respectively. The following sketch

shows the salient features.

_ STRUCTURE.

THECOUPLZ___fl I INSULATION

The heat content of an isothermal mass is given by:

Qt = / pCpVdT , (1)
O

where T = temperature,

p = density,

c = specific heat,
P

V = volume per unit surface area.

For the case ot constant thermal properties, this expressieu reduces to
0"

Qt = pCpVT. (2)

, The rate ot _heating is then given by the time rate-of-change of the heat oontent_

(__ dot dT
- d-'t'-" =pCpV _ , ., (3)

where t = time.
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Hence, the heating rate can be determined by measuring the temperature history of the

isothermal mass and then determining its rate-of-change graphically or by electronic

_.'omputer. In an actual system, the slug has a finite thermal conductivity; hence the

assun_ption must be made that the temperature measured is the average temperature,

or at least that its time derfvative is the same as that of the average temperature.

For thin slugs of high-conductivity material such as those used in this test program

(i. e., 1/8- and l/4-inch-thick copper}, this assumption is a valid one.

B. Factors Contributing to Errors

The analysis carried out in Phase 1 of this program indicated that several factors

are important when cousidering the errors that might be expected in the use of slug-
,

type heat-flt_: meters. It was concluded that disturbance of the thermal path is prob-

ably the most important factor. A meter that assumes a temperature substantially

different from that of the surrounding structure is susceptible to heat losses or gains

from the surrounding structure. Furthermore, la_je temperature differences may

alter the convective heating by changing the thermal boundary layer, and thus in turn

changing the convective heat transfer coefficient in the vicinity of the meter. This

factor may be the major reg_son thai, there is a differvnce between the errors to be

expected under convective and radiant heating as measured with a given meter.

Other errors may exist because of time-response characteristics, rear-surface

heat losses, and thermocouple-fin heat losses (l. e., conduction along the thermocouple

leads which degrades the recorded temperature). However, none of these has as

serious an effect as the disturbance of the thermal path.

The above considerations indicated that in order to check the validity of these con-

clusioa8 experimentally, it is necessary to provide controlled heating by both convec-

tion and radiation. With this in mind, the _onstruction of a laboratory heating apparatus

with provisions tor convection, radiation, and combined convection-radiation heating

was undertaken.

* See Phase 1 ftn_ report (reference 1) for a complete analysis of these factors.

A
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HEATING APPARATUS

The heating apparatus constructed consists essentially of a 30-tip oxyaCetylene

heating torch and an electrically heated graphite block. The heating-torch system

includes seven manifolded acetylene bottles and a single o_ygen bottle, a flowmeter

for each gas to insure close reproducible control of heating rates_, Jolenoid valves '_

for automatic operation, and throttling valves for fine control of gas flow. The

graphite block is heated by current from a power supply capabl_ of developing

75 kilowatts. This block is bathed in argon during the heat-up period, and a shutter

is opened automatically in co,_junction with the opening of _he gas solenoid valves.

The block temperature is monitored and controlled with a Leeds & Northrup Rayotub

and power controller.

Figures 1 and 2 (front and rear view, respectively) show the over-a_l layout of t

heating a_paratus. The central portion of Figure 1 shows the graphite radiant heatq

with water,co01ed cover and control Rayotube directly above it. The large slotted s|

provides variable positioning of the torch, which in this photograph is shown in a hox

zontal position_ Positions of the _rch other than horizontal are for convection heart

only, without _radiation source. On the right is the water-cooled exhattst duct; o_

_he left is a portion of the instrument panel containing various control switches, thr¢

valves, and flowmeters.

Figures 3 and 4 are c!ose--up views of the heating z_ne. In Figure 4, the water-

cooled cover has been removed from the graphite block. A 0.125_-inch-thick stainlel

steel test plate (described below) is shown in place, recessed into the briok base. I

warmup, the under side of the radiant heater is covered by a sliding shutter that is

actuated by an air cylinder. This shutter is visible in Figure 3. Figtue 5 _ asch_
P

of the apparatus.

The entire test procedure is automated. The oxygen and ,acetylene s_Zaotd v_

and _ solenoid valve controlling _r to a pencil-type cylinder driving the sht_ter sa'e

operated by _ mioroswi_oh sequence timer. The oxygen valve opens flrBt, followed

I L

* All lllustrettons appear following page 20 in a section immediately p_oedJ_ ttz,
appendices.

t ::
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closely by the acetylene valve. A pilot flame, which is ignited prior to initiation of

the timing sequence, ignites the torch at the instant the acetylene valve opens. When

both convective and radiant heating are to be used, the graphite heater is brought to

equilibrium before the timing sequence is initiated. Equilibrium is determined visually

with an optical pyrometer looking through a hole in the heater cover. The solenoid

valve controlling the shutter-actuating air cylinder is opened by the timer in conjunc-

tion wit_ the acetylene valve. The result is essentially a step heat input. The test

then proceeds for a predetermined period of time, after which a reverse Jshut-off

sequence occurs.

A
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EXPERIMENTAL PROCEDURE

A. Standard Flux Measurements

Following is a brief description of the procedure employed in esttlblishing a known

heat flux and the basic theory supporting the procedure.

Convective heating rate to a surface is given by:

Qc = h(Tg - Ts) (4)

The heat transfer coefficient, h, is dependent upon mass flow rate and gas-stream

properties. It can be assumed that h is a constant by maintaining the mass flow rate

of both the oxygen and the a(_etyiene constant. Maintaining the gas flows constant will

i also permit the assumption of constant gas temperature, Tg, since the combustion
conditions are invarlant. The only remaini,_g variable on the right-hand side of equa-

tion 4 is thus the surface temperature, T . The validity of these assumptions iss

assured by measuring oxygen and acetylene flow with precision flowmeters. These

meters have a 10-inch scale with 100 equal divisions. Each gas line is provided with

P a throttling valve for fine adjustment Bo that the flow can be easily reproduced within

1%of a specified value.

Radiattt heating rate to a surface is given by:

Qr = cr% (_ rF T_- T_) (5)

The geometrical-shape factor, F. is a constant of the system, and _ is the Stefan-

Boltzmann constant. The surface absorptivity of the plate surface, %, and the emls-

sivity of the graphite plate, _r' will both be about 0. 9 and can be assumed to be con-

stant, since the test plate and meters are prepared with a special hlgh-absorptivity

high-temperature finish. The radiant-source temperature, Tr, is controlled through

a feedback to the power controller from a Rayotube vlewing the source. T can there-

fore also be assumed constant. The only remaining variable on the right-hand side

of equation 5 is, as in equation 4, the surface temperature, Ts.

The total heat transfer to a surface subject to both convective and radiant heatlr_

is given by:

''7 D
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Since, under any constant set of test conditions to be employed, equations 4 and 5 were

shown to be functions of T only, Q in equation 6 (the heating rate to the surface_ wills

also be a function of the surface temperature only. This fact provides the basis for

the method of evaluation.

The first _' _p is to determine the true heating rate to a test plate under a given

set of mass-flow and radiant-heating conditions. This is accomplished by determining

the heat stored in a thin standardizing plate as a function of time. The slope of the

resulting curve of heat stored versus time is the rate of heat storage. This rate of

storage plus the rate of heat loss from the rear surface of the plate is the true heat-

ing rate.

i In o_der to determine the total heat content of the standardizing plate at all times,the average temperature of the plate must be known. Thermocouples are located at

the surface, midplane, and rear of the plate, and it is assumed that each measured

temperature is the average temperature of the zone of the plate in which the thermo-

couple is located. Records of the variation in the three temperatures with time,

combined with the heat content of the plate material (known at all temperatures from

room temperature to 2000°.F), permit accurate calculation of the heat stored t.n the

standardizing plate as a function of time. AppendLx A gives the computation details

for rear-surface losses.

The material of the standardizing plate, Type 316 stainless steel, chosen for its

non-magnetic, oxidation-resistant, and machining properties, was submit, ted to the

University of California, Berkeley, for accurate heat-content• (enthalpy) measure-

ments as a function of temperature° The results of these measurements are shown

in Appendix B.

Once the true heating rate has been determined by the above method for a given

set of power and gas-flow settings, it is known and can be plotted _s a function of

surface temperature. All subsequent tests are then correlated with the true heating

rate, the surface temperatures being the basis for comparison.

B. Data-Coatrol

The methods used to calibrate heat-flux meters require the assumption that the

heatlug conditions are identically reprodt_eed from test to test. In order to assure

1.ctF 4nln l _n



reproducibility, a reference surface temperature measurement was made 1 inch up-

stream from the meter location, corresponding in location to an identical surface

temperature measurement made on the standardizing plate. Even though the meter

may have altered the thermal characteristics of the plate, the reference thermocouple

was far enough away that it was not affected. Thus, the heating _q_s during sequqp-

tial tests with plates of the same thickness were reproduced if the reference tempera-

ture histories agreed. In general, reproducibility was excellent.

C. Test Plates and Meters

The configurations of typical test plates are shown in the sketch below. The plates

are, as previously noted, Type 316 stainless steel. All plates and meters were painted

with a high-temperature black paint.

-- 6"

"i / i li ;_1 ! '1 II
'< - k _" /

\

Stan_ardf_zing Plate, Meter Test Plat:e

-9-
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Surface and in-waU temperature sensors were made using techniques well estab-

lished in the manufacture of standard ATL temperature sensors {Delta-Couples). See

sketch below. These sensors are made by locating the junction of the thermocouple

at the desired depth from the heated surface in a plug of the test-plate material The

instrumented plugs are then pressed into the test plate, providing a homogeneous

system with a minimum of thermal disturbance due to the presence of the sensors.

a. Surface Thermocouple b. bildplane Thermocouple

T,C. JUNCTION FORMED BY 0.0005" r" T.C. JUNCTION FORMED BY 0.0005"
AYER OF ELECTROPLATED NICKEL. LAYER OF ELECTROPLATED NICKEL.

EXTENSION BRAZED ON OVER NICKEL

TO LOCATE JUNCTION REQD. DISTANCE
FROM SURFACE

HEAT INPUT

HEAT INPUT . STAINLESS-STEEL

PLUG PRESSED

_[ i _ INTO SS PLATE

" ___ - T ;.i"__

0.25O_

Jf JJ_l,

-_ 0.t25 0.125_-
I

!: - . 0,012" DIA. CHROMEL/ALUMEL T,C. WIRES
_'_ " " .... .::__-. :-. :-_-:, _....:W_TR 0,00!" ALUMI::¢!AINSULATION ........

EMBEDDED THERMOCOUPLES (DELTA-COUPLES, PROPRIETARY AMERICAN-STANDARD PRODUCT)

INCORPORATING PRECISE LOCATION OF JUNCTION BY PLATING AND BRAZING TECHNIQUES

...............................................................-i9._,
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_i._unw_an_ra

Two separate heat-flux-meter designs were used. Type A meters consist of a

copper slug in an alumina insert, which is in turn held in a stainless-steel ring pressed

into the test plate. Figure 6 shows an assembly of this meter. The slug thickness can

be changed by replacing both the slug and the alumina insert. The stainless-steel ring

size is constant at 5/16 inch thick.

Type B meters consist of a copper slug with a 1/16-inch-thick layer of zirconia

flame-sprayed on its periphery. The zirconia is then cemented directly into the test

plate. The Type B meter is shown in Figure 7. Both meters use 0.005-inch=diameter

wire for the thermocouple spot-welded to the rear surface. This small wire reduces

fin losses to a minimum.

D. Data Acquisition

The signa_ from each thermocouple in a test specimen was amplified and recorded

on a Minneapolis-Honeywell "Visicorder." The Visicorder was calibrated just prior

to each test. A Leeds & Northrup Model 8662 potentiometer was used as a voltage

reference.

1964010813-016



DATA REDUCTION

In order to determine heating rate, the temperature records (except for the

reference temperature) were converted to a plot of heat content versus time, using

the heat-content data obtained at the University of California (ref. Appendix B), for

the zone of the standardizing plate in which the thermocouple was located. It was

assumed that the surface thermocouple recorded the average temperature of one-

fourth of the plate (i° e., a 0.031-inch-thick zone), the midplane thermocouple the

average temperature of one-half of the plate, and the rear-surface thermocouple

the average temperature of the remaining one-fourth of the plate. The slope of the

heat-content curves (measured graphically) then represented the heating rate to

each zone. The sum of these three heating rates and the rear-surface conduction
t

losses was the desired heating rate for the plate. The rear-surface losses are

small (a maximum of about 3%) but should be considered (see Appendix A).

Data for the _lug-type meters were reduced in the same fashion, except that

the measured temperature was assumed to be the average temperature of the entire

slug. The heat content for copper was determined from specific heat data in the

literature. 2,3 The specific heat was assumed to be given by
-5

C =0.092+1.142× I0 T Btu/Ib-°F. (7)
P

The heatcontentas a functionoftemperatureisthengivenby

Qt = T --0.092T + 0.571T2 x i0-5 Btu/Ib, (8_

2. C.F. Lucks and H. W. Deem, "Thermal Properties of Thirteen Metals," ASTM
Special Technical Publication No. 227, February 1958.

3. A. Goldsmith, T. E. Waterman, and H. J. Hirschborn, Handbook of.Thermo-
• physical properties of Solid Materials, Revised Edition, The MacMillan Co. (1961).

. 12 - .......
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RESULTS

A. Type A Meters

The first series of tests was run using the Type A meters. The majority of the

tests were with convective heating, with a limited number Of combined convection-

radiation tests. Figures 8, 9, and 10 show the most significant_r-esults of this d_'ries.

Refer, ence temperatures used as a data control to show reproducibility are tabulated

in Appendix C. These show an average spread in temperature of ± 4% from te_t to test.

The design of the Type A meter was not intended to match the thermal cimracter-

istics of the test plates, but rather was intended to demonstrate the magnitude of errors

which can result if inadequate insulation is provided between the slug and the surrounding

structure. Results for this meter.assembly (see Figures 8, 9. and 10) demonstrate that

this design will not indicate heat flux accurately, the flux indicated by the 1/8-inch-thick

meter, for example, being in disagreement with the true flux by as much as 60%, When

the 1/8-inch meter is used in a plate of the same thickness, the error is slightly less thttn

•when it is used in a 1/4-inch-thiCkplate. Theaccuracy of the meter with a 1/4-inch slug

is considerably better because less heat is exchanged between the slug and't_e holder ring.

butit is stl|liih_,error by as muchas 30%.

"B. _ B l_ters

In v.iew of the large errors observed:in the measurements made with the Type A

meters, and the fact that this design is not representative of improved designs in general

use, it was decided ,that testing of Type A meters should be.discontinued. Subsequent tests

were made on a mete/+ design .(Type B, Figure 7) that provides better therma4 insulation

for .the slug and that more closely approximates the thermal characteristics of the test

plates. + .... , _

i Figures 11 through 151show the most significant results .of the series of' tests

,tnGorporating the Type B meters. Again, ehe reference temperatures used as a data

control to showxeproducibflity hetween flux standardization tests and meter tes_ a_'e

tabulated in Appendix C, indicating an average sprea_ in data of +*2%_rom _t to test.

Figures 11 and 12 compare the heat flux indicated by the Type B meter to.tl_e

standard flux for heatLug by convection. Eigures i3, 14, and 15 compare the heat fl_

/'

_ 13 ¸.
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•indicated by the Type B meter to the standard flux for heating by radiation. It is apparent

that the flux indicated by comparable meters varies in a different manner when heating is

by radiation than when heating is by convection. In all cases, the flux indicated by the

meter is initially about 20% higher than the true flux. All tests incorporating a meter of

the same thickness as the test plate in which it is mounted show the error decreasing from

this initial 20% as the temperature increases. When the heating mode is radiant, the

meter reading approaches the true flux; when the heating mode is convective, the meter

reading c_ecreases until it is as much as 12% below the true flux.

The results shown for the case of a 1/4-inch meter in a 1/8-inch test plate

(Figure 14) indicate the same initial error of about 20%; however, this error does not

decrease as the temperature rises but remains almost constant.

Figure 15 shows the results of a test with radiant heating in which the true heating

rate is about 17 rather'than 22 Btu/ft2-sec. This test indicates the same trends as

those L. Figure 13, which incorporated the same meters. However, the percentage

errors are larger, the absolute magnitudes of the erro_' being the same as for the

higher flux.

1964010813-N1.q



DISCUSSION OF RESULTS

A. T2,pe A Meter

The primary reason for the large errors in the Type A meters was conduction losses

from the slugz to the stainless-steel ring, the ring _oeing excessively massive. As a

result, all of the meter readings are low since the insulation is inadequate to prevent

such losses. It should be noted that the errors shown in Figure le _or a 1/4-inch slug

are much less than those shown in Figures 8 and 9 for 1/8-inch slugs. This is to be

expected, since the 1/4-inch slug more closely approximates the thermal capacity of

the steel ring and, as a result, the temperature difference across the alumina is much

less. Hence, the heat losses are less_ as are the errors.

With careful analysis of the data presented, other significant features can be seen.

However, these same features are shown more clearly by analysis of the data taken

with the Type B meter. The following discussion,of the Type B meter applies, :in general,

to the Type A and therefore will not be repeated here.

Be Type B Meter

Radiant-heating tests for a 1/8-inch meter in a 1/8-inch plate, presented in Figure 13,

show that the_ea_ng is initially .high by about 16%. The error decreaseswith increased

temperature un_llthe meter agrees with the true flux at the conclusion of the test. Tests

under the same conditions for a 1/4-inch meter in a 1/8-inch plate, presented in Figure t4,

show that the meter reading varies from 23% to 26% high. Comparable testswith con-

vective heating of very nearly the same rate are shown in Figures 11 and 12i The error

in the 1/8-inch meter varies from +16% (the •same as for radiation)to -12%, while the

error in the 1/4-inch meter is from 19% to 22% high.

Comparison of the above radiant and convective tests indicates that .the results are

very similar but that the magnitudes of the errors are somewhat different. In both cases,

flux indicated by the 1/8-inch meter decreases with increased temperature "_hile that

indicated by the 1/4-inch meter remains .about constant.

One of the most pronounced effectsshown in all tests is that the data from'the meter

and from the standardizing plate do not agree initially. R might be expeoted_that the

temperatures throughout the system would be near the_same value at the s.tart of heating

L and that the errors would consequently.be zero or near zero. However, it was _otmd
m _ o

1964010813-020



(Appendix A) that within the first 1/2 second of heating, sufficient temperature differ-

ences exist between the slug and stainless-steel plate and the surface of the insulation,

due to the difference in thermal conductivities, that a large percentage of the heat

absorbed by the insulation is conducted to the slug and steel plate rather than into the

insulation. As heating continues, the re!ationship of the plate, insulation, and slug

temperatures changes. The rate of heat conduction to the slug changes and the error

in the meter reading varies. It is apparent from nearly all tests that the slug heats

faster than its surroundings and that the rate of heat gain from the insulation decreases,

with a resulting decrease in error. The only exception to this is the case of a 1/4-inch

meter in a 1/8-inch plate. In this instance, the slug heats slowly and continues to absorb

, heat from the insulation.
t

t ! In order to substantiate this theory, 0, meter was_prepared that did not have its

insulation blackened, the idea being that if less heat is absorbed by the insulation, less
i

will be conducted to the slug, and the error should be less. The results of test 92,

i shown in Figure 13, bear out this hypol;hesis. The heat flux indicated by the meter was

lowered by 8 to 10% except at the start of heating.

The errors caused by qonduction from the insulation may prove to be a serious

problem and one that cannot be overcome in meters incorporating an exposed" Insulation

around the meter slug.

The fact that the meter output varies somewhat differently when heated by convec-

tion rather than radiation can be attributed to one or both of two effects. It may be that

the temperature variation along the surface alters the heat transfer coefficient in the

vicinity of the meter by disturbing the temperature gradients in the thermal boundary

layer. R may also be that the difference is due to a change in conduction between the

insulation a_td the slug caused by dissimilar heating of the insulation surface, As the

insulation surface temperature rises, the temperature difference for convective heating

is decreased, with a resulting decrease in heat absorbed by the insulation. With radiant

heating, the heat absorbed by the insulation is constant. Under both conditions, the

re-radiated energy is about the same. It can thus be seen that the insulation receives

less net heat under convection than under radiation, which m_ty well _fect the lateral

conduction between the slug and the insulation.

196401NA 1."4-n ? 1
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Whether the difference in results obtained under convection and radiation Is

primarily due to boundary-layer effects or to dissimilar heating effects cannot I

determined from the data available. If the latter effect predominates, the resul

obtained may be peculiar to the meter design tested.

The voluh_etric heat capacity of stainless steel and copper are within about
.

of the same value. Thus, a 1/8-inch meter in a 1/8-inch plate is a relatively |

thermal match. L_ven with such a thermal match, however, the errors in the m

readings are as large as 16% under both convection and radiation, as noted earli_

Figure 12 shows results of tests run using a 1/4-inch meter in both 1/8- au

1/4-inch plates with convective heating. The flux indicated in the two cases is

entirely different and is a very clear demonstration that the accuracy of a metel

i this t.vpe is strongly dependent upon the geometry of the structure in which it is
b
r The results shown in Figu--e 15 for a low radiant-heating rate, although not

pleto enough to be conclusive, indicate that the accuracy of the meter tested ma_,

) dependent on the magnitude of the heating rate. The initial error is about 28% i]

case, as opposed to about 15% for the same meter uvder a higher heating rate.

accuracy o£ tl_ type meter is, in fact, dependent upon heating rate, such varla(

heating rate must be considered in carrying out meter calibration.

for stainless stee! ffi54.3 Btu/tt 8-'
* f) Cp for copper = 51.3 Btu/ft3-°F. p Cp

- 17 -
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CONC LUSIONS

I. The trendsoftheerrors inthe heatfluxindicatedby theslug-typemeters

tested(T,/peB) are similarunder radiationand convectionbutthemagnitudesaxe

somewhst _lifferent.This can be attributedeithertoconvectiveboundary-layer

effectsor todissimilarheatir_goftheinsulatingring,or both,thelattereffectbeing

designdependent.

2. Even thoughthethermalcapacitiesoftheslugand o_the structureinwhich it

ismounted may be similar,thepresence oftheinsulatingsupportmaterialforthe

slugm_y giveriseto s_ficieutperturbationstocause significantcross-conduction

effectswithinthe meter assembly and hence an error inindicatedflux. Such conduc-

tioneffectsmaybe causedby rapidheatingof theexposed insulationsurfacesurrounding

theslug_nd separatLugitfrom thestructureinwhich itissupported.

3o The accuracyofthe Type B meter testedappearstobe relatedtothemagni-

tudeoftheflux;i.e.,the lower thefluxthegreaterthepercente,geof error.

- 18 -
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RECOMMENDATIONS

1. Typical meters currently used in missile tests should be tested under both

• convective and radiant heating t_ determine whether or not the convective e_eets

that have been observed can be expected in all designs.

2. These same meters should be tested under both radiation and convection

heating in non-metallic structures where larger surface-temperate_e disco_tinuities

" will be encountered. Since these meters are commonly used in such installations,

the convective boundary-layer effect should be investigated.

3. Further studies should be made to determine the dependence of meter

accuracy on heating rate.

4.. The method that was used in making standard heat-flux measurements should

be improved by using a thinner plate, perhaps as small as 1/32 inch.

5. Studies should be made to provide the most appropriate and practical meter

designs.

- 19 -
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F COPPER SLUG

/ _ Z[RCONIA (FLAF_-SFF-_AYEDON SLUG)

........ / / _f"-- STAINLESS-STEEL TEST PLA'J_E

THERHOCOUPLE--_ _ ALUHINA CAP

TYPE B SLUG.TYPE HEAT-FLUX METEE

FIGURE 7
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APPENDIX A

FURTHER ANALYSIS OF METHODS AND RESULTS

1. Lateral Conduction in the Standardizing Plate

In measuring the true heating rate with a thin steel plate, it was assumed that the

heating rate was equal to the sum of the heat stored and the heat lost at the realr _ur-

face, and that lateral conduction within the pla_e was insignificant. This can be shown

to be a valid assumption by the following discussion.

The reference temperature was measured 1 inch from the center of the plate. The

difference between the temperature at this point and the surface temperature at the

center is indicative of the gradients that exist. In the case of convective heating, the

reference temperature is higher than the surface temperature at the ce_nter; thus heat
t

• is conducted to the center while at the same time it is conducted away in the downstreaz_

direction. Since heating is quite uniform over the center 2 inches of the place, conduc-

tion in the direction normal to flow should not be large.

With radiant heating, on the other hand, the center of the plate receives more heat

than any other point (see following section) and heat is conducted, away equally in all

directions. Tb_s, the errors due to lateral conduction s_ould' be much less under con-

vective heatin_ than under radiant heating. The measured temperature difference

between the center and reference points on the radiation tests can be seen to increase

approximately linearly over the test period. Initially, there are no lateral gradients,

and consequently no errors result. As the test proceeds, the gradients and resulting

errors build up and are greatest at the end of the test_

Midway through the tests, it is seen that the measured temperature difference

under radiation is about 30°F. This difference exists over a l-inch distat_¢e, and it

can be assumed that a local gradient of 30°F per inch. exists at the center of this 1-inch

sPan or around the circumference of a 1/2-inch -radius disc. Based on tltis as_mmpt,

the ratio of ti_e rate of h_at _o_tt_ _ed out of this disc to the heat input can b_ cm_q_ed.i

The heat conducted out is given by

t Qe = _. R,k d_r ]
i R ,

4

Li

i i _mnnm_taimiia
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where R = radius of disc considered (1/2 inch),

l = thickness of disc considered (1/8 inch),

k = thermal conductivity,

T = temperature,

r = polar coordinate;

.... and the heat input is

Qi = _ R2 '

where Q = imposed heating rate.

Taking the heating rate to be 22 Btu/ft2-sec, the desired ratio is

Qo R
= O. 023

Qi (_R

The lateral conduction can therefore account for as much as a 2.3% error inthe

assumed true flux midway through the test. This error is smaller earlier in the test

and may approach 5% at test conclusion. The resulting errors will be much less with

convective heating.

2. Shape-Factor Distribution over Test Plate

The test plates were centered directly under the graphite heater element. The

_' view angle from the plate to the heater was therefore largest at the center and decreasedi

i slightly at points away from center, The resulting uneven heating was primarily the

cause of the lateral conduction errors shown above. The shape factor at the center of '

the plate, the plate being 4.0 inches from the heater, was 0.416, 4 while at a point

1 inch away from the center along either centerltne, it was 0. 398. The difference is

about4%, which results in 4% less heat flowing to the plate 1 inch from the center.

This shape-factor distribution is therefore the primary cause of the lateral conduction

losses.

i 3 Rear-Surface Heat Losses from Standard Plate
In making the standard flux measurements with a 1/8-inch-thick plate, the heat

loss from the rear surface of the plate was considered. The back of the plate was

4. W.H. MeAdams, If_eatTransmission, New York, McGraw-Hill Book Co. (1954).

A-2
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packed with Fiberfrax, a high-temperature low-density insulation. The insulation

was approximately 3 inches thick and thus could be considered semi-infinite. Since

the temperature of the rear surface of the plate could be considered to be the surface

temperature of the semi-infinite insulation, the conduction loss couldbe computed
1

using techniques reported in the Phase 1 final report. It was found, however_ that

this method was too laborious to use on numerous tests; a simpler approximation

was therefore sought.

It was observed that the measured temperature rise at the plate/insulatton inter-

face was very nearly linear with time. The surface temperature of the insulation

could therefore be assumed linear and the los_ calculation greatly-simplified.

The temperature distribution within a semi-infinite solid Whose surface tempera-

ture is a linear function of time (At) is

T = 4 At i2erfc x 5
24 7'

where T =temperature, t = time, x ---distance measured from the surface, and _ =.thermal

diffusivity. The temperature gradient.at the surface (x = o) is

½
dx Ix_ = -1.128A

The heat flux passing x = o is ,then

½
X=O

where k = thermal conductivity. This operation is simple, being a constant times t½,

and yields values well within the accuracy of other measurements.

* ._,product of the Carborundum Company.
5. :H. S. Carsl_w and J. C. Jaeger, CQndu_otion_,Heat in.:So]l_, 2ndEdition, :_o¢fl

Press, (1959),

.A-3
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4. Variation of Heat Flux with Time

The true-heating-rate curves shown in Figures 8, 9, and 10 are seen to increase

appreciabI3 during the course of the tests. It was found that a refractory brick that

was placed upstream of the test plate and over which the flame passed prior to reach-

ing the plate became extremely hot by the end of the test. The result was less cooling

of the boundary-layer gases as the test progressed, so that more heat was available

to heat the plate.

This situation was corrected on all Type B meter tests by replacing the brick

with a stainless-steel plate of the same thickness as the test plate. It is important

that the plates be the same thickness so that there are no discontinuities in the tempera-

i ture of the surface over which the gases pass prior to reaching the instrumented portionof the plate. The addition of the upstream plate was a satisfactory solution to the problem.

5. Conduction between Slug and Insulation

One of the major points brought out by the results of tile test program was the

existence of gross errors immediately after initiation of heating. As previously

noted, this error has been attributed to conduction from the insulation ring to the slug.

Because of the low thermal conductivity of the insulation (zirconia in the Type B

meter), its surface temperature rises very rapidly since the absorbed heat cannot be

conducted away from the surface. At the same time, the surface temperature of the

copper slug rises slowly, since all absorbed heat is diffused rapidly throughout the

i slug. As a result, a large temperature gradient exists between the surface of the insu-

I lation and the adjacent copper _lug. Since all heat absorbed by the insulation must be

either stored or conducted away, it is conducted primarily to the copper along the path

cf least resistance. Some is, of course, conducted to the steel plate, but since the

conductivity of this plate is also low compared with that of copper, the copper absorbs

a much greater proportion.

The large gradients that can potentially exist between the zirconia surface and the

copper and steel can be shown by computing the temperatures that would exist in each

when heated at the same rate for a period oI 1 second, assuming that no lateral con-

duction occurs during this period. Considering the 1/8-inch-thick meter in a 1/8-inch-

thick plate, each material can be treated as a 1/8-inch-thick flat plate heated at a

A-4
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constant rate (20 Btu/ft2-sec) on one surface and insulated on the other. The so]

for the temperature distribution is well known 5 and is as follows:

= _ + 3 -- 2 _(_l)n _ Oen27r2t/1 2 n

T - T o pC I [ 2P 6/2 - ---_--_ e Oos--n=l n

The assumed properties are listed below.

Material k p C

(Btu/hr-ft-°F) lb_ 3) (Btu/_=0F)

Copper 223 5_8 0. 092

Stainless steel 8 494 0.11

Zirconia 0.6 374 0.11

The temperature rise of each material was computed at the surface, midpla

and rear after 1 second of heating. These data are tabulated below,

Surface Midplane RearTemp. Temp. Temp.
Material'-_ . (°F) _

C_9t_er 38 36 36

St_h_less steel 66 30 20

Zirconia 274 12 0

The above table shows clearly that extremely large gradients exist between

copper and zirconia and also betweeu steel and zirconia. Although the area eve1

which these gradients exist is small, the gradients are steer(. The temperature

difference between zirconta and copper may, in actuality, be abeut 200°F, and tl

distance over which this difference exists would be no more than 1/32 inch since

the zirconia is only 1/16 inch thick. This temperature difference suggests the I

btlity of a gradient of the order of 6400"F per inch. Even though the area of coy

is small, such an extreme gradient will provide a large amount of conduction he

As time passes, the temperatures should tend to _lualize, since the copp_

then heat the zirconia near the unheated rear surface. This fact and th_ fact tht

, the steel will begin to absorb a larger proportion of the heat as the co_i_er beco]

hbt:.er explain why the errors shown by the meter decrease with time.

A-5
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Sincethecompleteanalyticalevaluationoftheconductionphenomena israther

complex, itcan be carriedoutpracticallyonlyby means of a computer solution,

whichwas beyond thescope ofthisprogram.

6. Other PossibleSourcesof Error inMeters

Inadditionto thepreviouslydescribedsourceso_ error intheheatfluxindicated

by th?meters tested,thereare otherpossiblesourcesof smallererrors. The indi-

cationthatan unexpectedeffectmay be alteringthemeter readingsisshown in

Fig,_resA-I and A-2. The plateshown was heatedconvectivelytwicepriorto the

time the2hotographof FigureA-2 was taken. Gas flowwas from leftto rightinthe

photograph. The paintis seentobe badlyworn on the meter and for a distanceslightly

more thanan inchdownstream of themeter. This isevidencethatthemeter has had

t some perturbing effect on the flowo Whether the effect is hydrodynamic or thermal

cannot be concluded from the photograph; however, it appears more likely t_ be the

former. If this is so, it is indicative of the care that must be taken in a meter installa-

tion. The meter pictured was installed with smoothness in mind and the resulting

roughness was no more than a few thousandths oi an inch. .apparently turbulence was

still induced.

Another source of error that can be expected in almost any meter is rear-surface

heat losses from the slug. Near the conclusion of the tests run, the slugs were at

temperatures of the order of 1000°F. Assuming the emissivity of the rear of the slug

(oxidized copper) to be about 0.5,4 the radiant loss is about 1 Btu/ft2-sec or about 5%.

The effect of convective losses is probably small, since there is esser, _lly a dead air

space behind the slug.

7. Reference Temperatures

The reference temperatures used as data control were, in general, reproducib]e.

Occasional trouble arose due to such things as excessive oxidation of the graphite

. heater, which showed up immediately in the reference tempera._re. .In such instances

the test was invalidated.

:i A typical plot of the reference temperatures used to correlate a set of tests is

:I shown in Figure A-3. These curves were used in establishing the validity of the

comparisons made in Figures 11 and 12, except for test 99, in which test the plate

was a different thickness.

•: ' - A-6
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In switching erom 1/8- to 1/4-inch-thick plates, it was also necessary.to assure

reproducibil',ty The best assurance was if tests prior to and after the switch gave

consistent results. As an added check, a 1/4-inch plate, with a reference thermo-

couple and surface and rear thermocouples at the center of the plate,was heated.

The heating rate to the plate wa_ computed in the same manner as for the 1/8-inch

standard plate. If the computed heating rate compared favorably with the previous
o

1/8-inch-plate measurement, it was assumed that heating conditions had been repro-

duced; the reference temperature was then taken as the standard for subsequent 1/4-inch-

plate tests.

It should be noted that the temperatures measured in test 37 were both rear-surface

measurements, since construction of the thermocouple plugs had not been completedl

However, the validity and consistency of the results shown can be justified by com-

parison of the tabulated'temperatures from other sts.

A-7
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TEST PLATE WITH METER INSTALLED

BEFORE HEATING

FIGURE A.I

TEST PLATE WITH METER INSTALLED

AFTER HEATI_{G
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HIGH TEMPERAT, URE HEAT CONTENT OF 316 STAINLESS STEEL

Final Report

June 4, 1962

TO: Advanced Technology Laboratories, Sponsor

FROM: Institute of Engineering Research
University of California, Berkeley

PROJECT: Service to Industry Contract UCB:-Eng-6560

PERIOD OF PERFORMANCE: April 1, 1962, to May 31, 1962

FACULTY IN_qESTIGATOR: Ralph Huttgren, Professor of Metallurgy

PERSONNEL: Raymond L. Orr, Assistant Research Engineer
Weston B. Kendall, Graduate Research Engineer •
Robert Joseph, Engineering Aide

Abstract

High temperature heat contents with respect to 25°C were determined for

two samples of 316 Stainless Steel between 108 ° and 1083°C. The results are

completely regular and are in very good agreement with previously available

data for 316 Stainless Steel. Tables of the experimental data and smoothed

values are presented together with a brief discussion of the method and results.

Experimental

Spherical specimens weighing about 0. 8 gm. were taken from samples

of 316 Stainless Steel rod stock and plate stock supplied by the sponsor. Each

specimen was enclosed in a platinum foil capsule weighing about 0. 6 gin.

High temperature heat contents were measured in an isothermal Bunsen-

type calorimeter using dipherryl e_er as the working substance. A complete

J. , R-I
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description of the apparatus and techniques has been given previously (1) and

will not be repeated here. Runs were made at intervals of approximately

100°C between 108 ° and 1083°C. Duplicate measurements were made on the

"rod" specimen at most temperatures. Measurements on the "plate" specimen

were made at four temperatures spaced fairly evenly over the entire range of

measurement.

Results

The experimental data for the rod and plate specimens are listed in

I -Table I. In order to correct the results for the difference in temperature

between the melting pointdf diphenyl ether, 26. 9°C, and the standard

reference temperature, 25°C, the room temperature heat capacity extrapo-

lated from the data, 0. 108 cal/°C-gram, was used.

Data from the rod and plate specimens are in agreement well within the

overall scatter of the results. A plot of all the data follows a smooth curve

within an average deviatioa of about 0. 4%. Smoothed v_lues taken from the

selected curve are given in Table II. The listed values should represent the

heat conten*s of either the rod or plate samples within a maxim_Jn_ uncertainty

of:E 0.5%.

The data are in q_ite good agreement with the previous results for 316

Stainless Steel obtained by Fieldhouse, Hedge, and Lang. (2)

References

(1) Ralph Hultgren, Peter Newcomb, Raymond L. err, and Linda VVarner,

t Proceedings, Symposium No. 9, National Physical Laboratory:
The

Physical Chemistry of Metallic Solutions and Intermetallic Compounds,
H. M. S. O., London, Paper 1H.

(2) Fleldhouse, I.B., J.C. Hedge, and J.I. Lang, WADC Tech. Rept. 58-24,

_T_,_t_mhs_, 195B.
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TABLE I

Experimental Data - Heat Content Measurements
, on 316 Stainless Steel Rod and plate Samples

(Note: Runs marked (P) are for plate sample,
remainder are for rod sample. )

hT-h25o C hT-h25. C

Temp. _°C cal./gram Temp. ° °C cal./gram

108.1 9.07 724. 2 90.74
204.1 20.23 (P) 825.8 105.57

(P) 204.6 20.96 825.8 105.33
204. 7 20. 74 827, 4 105. 11
299.0 31.94 844. 6 108. 24
299.2 32. 33 848.4 108. 90
395. 2 44_ 86 988. 4 129.34
395. 4 44. 73 988.4 130.22

(_P)506.3 59.87 1040.8 139.13
506. 4 60. 20 1082.5 142. 95
506. 5 59. 96 (p) 1082.6 t44. 89
593. 3 79.09 1082.8 145. 33
593.9 72.46
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TABLE II

Smoothed Heat Content Values for 316 Stainless Steel

hT'h25o ChT-h25o C

Temp., ° C cal. ]gram Temp., oC cal. ] gram

I00 8.31 700 87.14
200 _C. 01 800 101.66
300 32.43 900 i16.54
400 45.50 1000 131.76
500 59.05 1100 147.39
600 72.96

hT'h77° F hT'h770 F

Temp.=F BTUIIb_ Temp___._._eo__F_FBTU/lb±

100 2.50 1200 143.73
200 13.60 1300 157.99
300 25.10 1400 172.44
400 36.99 1500 187.13
500 49.28 1600 201.97
600 61.96 1700 217.01
700 75.90 1800 232.26
800 88.34 1900 247.73
900 101.91 2000 263.43
1000 115o68 2100 279.36
1100 129.61

B-4
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TABULATED DATA
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TABLE I

TEST 37

Plate thickness 1/8"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

, (°F) (°F)_ _ (°F). (°F) ..... _Btu/ft2-secl
0 73 74

½ 75 76

1 85 88

2 114 118

3 !47 152

4 182 187 20.8

6 256 258 21.0

8 332 328 21.6

10 406 396 21.7

12 482 464 22.6

14 557 535 22.9

16 628 606 23.4

18 7_2 675 24.5

20 778 744 25.3

22 851 815 25.9

Loss included with ql -- O. 156 t }

* Measured at back surface.



TABLE 1I

TEnT 40

Plate thic

Slug thick
0

Time Reference Slug Indicated
Temperature Temperature Heatinl_ Rate

(°F) ._. (BCu/ft _'-sec)(TM) _

' 0 84 87

½ 141 107 24.0

1 174 132 24.7

2 227 176 23.3

3 275 218 21.2

4 322 258 20.6

6 418 329 17.5

8 502 388 15.8

1_ 588 439 14.4

12 670 _88 12.8

14 748 531 11.9

16 830 573 "

18 I_9._:, 615 "

20 981 657 ,t

22 1055 698 "

24 1126 745 "

C-3
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TABLE III

TEST 41

Plate thickness 1/8"
Slug thickness 1/8"

Time Reference Slug Indicated

Temperature Temperature Heating Rate
_____F)______ = (°F) L (Btu/ft2-sec)

0 85 82

½ 141 107 26.5

1 170 127 25.0

2 218 172 22.7

3 266 215 21.2

4 315 256 20.7

6 402 325 18.1

8 485 388 16.1

10 566 443 14.9

12 650 495 14, 3

14 730 540 13.1

16 809 586 12, 5

18 887 628 12.2

20 962 670 11.6

22 1032 710 11.3

24 1097 749 10.9

26 1165 789 10. 9



TABLE IV

TEST 44

Plate thickness 1/4"

Slug thickness 1/8"

Time Reference Sl_g Indicated
Temperature Temperature Heating Rate

(°F) .... _ _(Btu/ft2-sec)_

0 77 77

½ 138 100 22.9

1 167 122 22.0

1½ 188 140 21.3

2 207 159 20.6

3 236 192 18.4

4 265 227 16.9

6 318 285 15.0

8 365 335 13.4

10 407 381 11.8

12 445 423 11.1

14 488 459 10.5

16 528 495 9.6

18 567 528 9.6

20 607 562 9.5

22 646 595 9.6

24 684 626 9.3

26 723 659 9.2

28 764 690 "

30 799 724 "

32 8_ 757 "

34 875 _/89 "

36 915 824 "

C-5
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TABLE V

TEST 45

Plate thickness 1/4"

Slug thickness 1/8"

Time Reference Slug Indicated

Temperature Temperature Heating Rate

_(_ (°F) (°F) _ _t__U_U,_t2-sec_-

0 68 64

½ 128 84 22.7

1 156 106 22.7

1½ 177 128 22.6

2 198 149 21.9

3 231 188 20.1

4 258 225 18.9

6 308 289 16.9

8 355 348 14.9

10 402 396 13.1

12 447 437 11.8

14 490 479 11.1

16 576 514 10.5

18 580 550 10.2

20 625 587 10.1

22 669 622 9.9

24 710 658 9.7

26 752 688 9.7

28 795 723 9.6

30 839 755 9.5

32 880 789 9.4
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TABLE _

TEST 51

Plate thickness 1/4"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

,(°F) ,_ __ (°F) ..... (°F)_ ..... £Btu/ft2_secJ_

0 67 68 68

148 68 129
1 207 68 180

2 278 79 247

3 329 103 293•

4 375 132, 334 40.0

6 451 199 400 39.4

8 519 269 466 41.7

10 587 340 532 42.8

12 649 411 592 43.2

14 71S 480 655 43.8

16 7_ 549 717 43.9

18 844 615 780 44.5

20 909 677 846 44.4

22 970 742 906 45.2

24 1033 808 967 45.9

26 1094 872 1030 46.3

28 1154 938 1090 48.6

Loss incIuded with q! = 0. I51 t_
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TABLE VII

TEST 53

Plate thickness 1/4"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

(°F) (°F) (°F) (_'FJ_____ (Btu/ft2-sec)

0 81 85 81

½ 157 85 121

1 207 87 175

2 271 97 245 41.2

3 320 120 292 41.4

4 362 149 332 40.7

6 436 212 403 39.7

8 503 278 466 39.7

10 572 345 530 41.2

12 638 410 592 41.7

14 701 474 657 41.6

16 764 535 717 41.8

18 830 598 784 42.2

20 891 659 848 43.0

22 952 722 903 43.8

24 1009 786 965 44.5

26 1066 851 1016 45.1

28 1129 911 1072 46.1

Loss included with ql = 0. 140 t½

C-8
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TABLE VIII

TEST 62

Plate thickness 1/4"

Slug thickness 1/4"
6

Time Reference Slug Indicated

Temperature Temperature He_ing Rate

(sec) (°F) _ __ (TM) (Btu/ft2-sec_-
i

0 69 67

¼ 114 69

½ 154 77

3/4 178 88

1 202 100 45.5

1_ 242 118 44.9

2 272 140 45.5

3 326 181 45.0

4 372 223 44.5

6 457 304 43.7

8 538 : 379 40.8

I0 609 4,54 38.8

12 679 521 37. $

14 753 586 36.4

16 827 650 36.2

18 _98 712 36.2

20 965 774 34.5

22 1028 832 33.9
#

24 1092 887 33.8

26 1154 945 33.0

28 1217 999 32_ 4

30 1273 1055 32.4 ,

C-9
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TABLE LX

TEST 63

Plate thickness 1/4"

Slug thickness 1/4"

Time Reference Slug Indicated
Temperature Temperature Heating Rate

(°F) (°F) (Bin/ft 2=sec___l_.

0 66 65

¼ 119 67

160 78

3/4 190 89

1 214 102

1½ 251 125

2 280 144 43-_

3 332 186 42._

4 378 222 41.0

6 457 29_ 41.0

8 530 370 40.3

10 601 442 39.4

12 672 510 38.5

14 744 578 37.4

16 815 644 36.7

18 887 706 35.8

20 953 767 35.2

22 1021 830 35.0

24 1088 885 34.4

26 1153 944 34.2

28 1215 1002 33.2

30 1280 1057 32.4

32 1348 1107 31.9

C-10 ........

1964010813-065



TABLE X

TEST 76

Plate thickness 1/8!'
Slug thickness 1/8"

Time Reference Slug Indicated
Temperature Temperature He_ing Rate

(°F) ____ (Btu/ft2-se c)

0 67 67

¼ lOO
½ 120 88

3/4 138 101

1 " 151 113

1½ 176 135 24.74

2 201 158 25.44.

2_"_ 225 182 25.20

3 250 206 25.03

4 290 250 24.44

5 334 293 23.86:

6 377 334 23.16;

7 422 375 23, 06.

8 460 a18 22.81

9 499 455 22.52

10 538 495 22, 12

11 577 538 21.36:

12 616 573 20.95

14 688 642 19.79;

16 763 711 _.9.38

18 83B, 778 19..09'

20 900 843 : 18.62'

22 970 906 18.33!

24 1985. 96_, 1,8_,04:

2B_ 1097, 1"026, 17:78

28_ 1:167 L_8_ 17,..46

C-II

1964010813-066



TABLE XI

TEST 77

Plate thickness 1/8"

Slug thickness 1/4"

Time Reference Slu_ Indicated
Temperature Temperature Heating Rate

(°F) . B_(____/ft2-sec),_(_c___ .......(°F)

0 68 67

_. 1o2 71
½ 124 77

3/4 141 84

1 155 91

1½ 180 103
2 203 114

2½ 228 126

3 249 132

4 296 161 25.25

5 341 185 25.86
T,

8 384 208
,!

7 428 231

8 470 255

9 508 279

10 551 305 "

12 629 345 "

14 705 397 "

16 778 442 "

18 852 488 "

20 921 532 "

22 988 578 "

24 1055 624 "

26 1120 669 "

28 1182 714 "

• _ _-12

1964010813-067



TABLE XII

TEST 78

Platethickness 1/8"

Slugthickness I/4"

Time Reference Slug Indicated

Temperature Temperature Heating Rate

0 72 72

l 105 r/44

l 128 80
2

3/4 145 88

1 158 94 25.63

1 _ 184 106 25.75

2 209 119 "

2_ 232 13o "
3 256 142 "

f,

4 298 166

5 341 190 "

6 383 212 "

7 425 236 "

8 466 260 "

9 507 283 "

10 546 306 "
t,

ll 585 328
t,

12 623 352
*t

14 698 397
,!

16 772 444

18 845 490 25.86

20 910 536 25 86

22 979 _85 26.10

24 !042 428 26.45

26 I103 67'3 "

28 1162 717 "

SO 1219 762 "

C-13

1964010813-068
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TABLE XIII

TEST 79

Plate thickness 1/8"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

s.____l-__ _ (°F) _°F) (OF) _ _ (°F) _Btu/ft2_sec_

0 70 70 70 70

' i07 704 72 105
!

132 71 82 128

3/4 151 74 92 144

1 166 79 102 159 21.7

1_ 191 92 122 182 21.8

2 214 I08 141 204 21.9

2_ 239 124 159 225 21.7

3 259 140 178 244 ,'

4 303 173 214 285 ,,

5 345 205 251 325 ,'

6 387 237 288 362 21.9

7 428 270 324 397 21.7

8 468 303 360 432 21.5

9 502 335 397 470 21.3

10 540 367 431 503 21.1

11 584 400 463 531 ,,

12 621 428 497 .564 ,,

14 692 488 560 628 "

16 764 5_8 625 688 ,,

18 835 60_ 688 749 ,'

20 905 663 750 807 21.0

22 970 718 810 867 21.0

24 1036 775 868 922 20.6

26 1098 828 927 978 20.5

28 1158 883 984 1031 20.3

30 1215 93E 1040 1083 19.8

32 1268 990 1092 1130 19.6

Loss included with qt =O. 135 t_
C-14
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TABLE XIV

TEST 82

Plate thickness 1/8"
Slug thickness 1/8"

Time Reference Slug Indicated

Temperature Temperature Hea_in_ Rate
(°F) _ __ (°F) Btu/fl°-see),.

0 8,5 86

¼ 1'18 96

½ 140 107

3/4 156 118

1 170 128

t½ 194 149
2 217 170 24.4

2½ 237 192 24.4

3 260 214 24.1

4 304 259 24.0

5 344 302 23.3

6 386 342 22.8

7 428 _: 380 22, ?

8 467 422 22, 4

9 506 460 22.2

10 550 4_99 21.8

11 588 538 21.7

12 625 _76 21.5 ,,

14 '700 651 20.0

i6 773 721 20.0

18 842 788 _9._8

20 913 _4 18.9

_ 979 :9_t8 ;1-8.7

i-_4 1044 ,980 " ]t8.2

'C-_16

1964010813-070



_ _s_oN oe

TABLE XV

TEST 83

Plate thickness 1/8"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

{sec) , ._._(_ ____.._(_. _ (°F) (Btu/ft2-sec)

0 79 78 78 79

l 90 78 80 914

l 110 78 84 112g

3/4 123 80 91 125 18.0

1 133 84 100 136 18.3

1_ 150 94 116 154 17.2

2 164 105 132 172 16.8

2_ 181 118 148 188 16.6

3 195 130 162 202 16.8

4 222 156 I92 233 16.9

5 250 181 221 262 17.0

6 278 207 249 294 "

7 306 233 278 322 "

8 332 258 306 350 "

9 359 284 334 378 "

10 386 310 361 406 "

12 438 359 416 460 17.1

14 488 409 469 512 17.2

16 539 455 524 570 17.2

18 589 506 574 624 17.1

20 637 552 625 673 1G.9

22 684 600 673 724 16.9

24 732 645 722 772 16.8

26. 777 692 773 822 "

28 823 737 818 870 "

30 866 782 865 915 "

34 954 875 958 1005 "
it

88 1Q88 964 1948 1096 t _
Loss included with q_ "=O. 119

C-16

1964010813-0? 1



TABLE XVI

TEST 85

Plate thickness 1/8"

Slug thickness: 1/8"

Time Reference Slug Indicated
Temperature Temperature He_ting Rate

0 75 75

¼ 92 79

½ lo7 88-
3/'4 118 98 22,0

1 128 108 22.4;

1½ 145 128 20.9

2 160 147 20, 9

2½ 175 167 21.4

3 190 186 21.4

4 220 225 21.4

5 246 264 20.9

6 274 300 20.7

7 302 337 20.1

8 328 374 20.1

10 382 442 19. 7

12 435 _10 18.9

14 489 577 18.8

16 537 642 18.0

18 585 705 17.6

20 634 767_ 17.3

22 682, 8221 16,9.

24 73L 881 16.8

26 775 936 16.3

39 863 I04I_ L6, •

34, 952"_ ll&l_ lfl. 0

38 _032 12_; 16_.0,

1964010813-072



TABLE XVH

TEST 90

Plate thickness 1/8"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

(°F) _ (OF) _ (OF) . (°F) (Btu/ft2-sec_

0 76 73 74 74

1 95 73 75 96 23.2

118 74 84 121 22.4

3/4 134 77 94 138 22.1

1 147 82 104 150 22.2

1½ 168 95 125 173 22.4

2 188 111 145 193 21.8

2_ 207 127 165 213 21.4

3 225 144 184 231 21.4

4 263 27O 21.5

5 298 210 257 308 21.5

6 332 242 293 343 21.5

7 365 275 329 37b 21.6

8 400 307 363 414 21.8

10 464 372 435 483 22.2

12 533 431 508 557 22.3

14 599 495 577 626 22.4

16 665 556 645 692 22.6

18 726 618 710 761 22.6

20 787 680 773 825 22.7

22 849 743 840 890 22.8

24 911 804 905 953 23.0

26 970 865 970 1022 23ol

28 1026 926 1031 1080 23.1

30 1088 984 1092 1143 22.9

Loss included with ql = 0.140 t_

......... C-18

1964010813-073
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TABLE XVIII

TEST 91

Plate thickness 1/8"

Slug thickness 1/8"

Time Reference Slug Indicated

Temperature Temperature Heating Rate
_ {°F) ....(°F) .(B_t2-sec)_

0 80 80

¼ 102 86

½ 120 97 26.3

3/4 135 109 26.3

1 14'7 121 25.9

1½ 168 145 26.1

2 187 170 25.8

2t 205 194 25.6

3 222 217 25.4

4 258 283 "

5 293 309 "

6 328 355 "

7 363 400 24.8

8 398 443 24.5

10 464 526 24.1

12 530 615 24.0

14 593 699 23.9

1'6 654 778, 23.3 ,

18 718 ,857 23.'0

2_ 780 9_5 22.7

22 ,84_" 1009 22.4 "

24 899 ' 1082 "'
f

26 9_6 1155 "

28 1015 ' 1230,' "

1070 12%4 "

C-19

1964010813-074



TABLE XIX

TEST 92

Plate thickness 1/8"
Slug thickness 1/8"

Time Reference Slug Indicated
Temperature Temperature Heating Rate

, ('F)_ ('F) _ _2-sec)_

0 73 72

95 79

½ 116 90 26.7

3/4 130 102 26.2

1 143 113 26.1
1_ 164 138 25.6

2 183 161 24.9

2½ 202 184 24.3

3 222 206 24.2

4 258 248 23.3

5 296 292 23.1

6 332 333 22.6

7 368 372 22.3

8 405 410 22.1

10 474 490 22.0

12 547 569 22.0

14 616 647 21.7

I6 678 720 21.4

18 746 793 21.3

20 809 863 20.7

22 870 932 20.4

24 935 100i 20.2

• C-20
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TABLE XX

TEST 99

Plate thickness 1/4"

Slug thickness 1/4"

Time Reference Slug Indicated
Temperature Temperature Heating Rate

._e_)_. ..__._F) _ _ (BtuJft2,secl

0 82 83

¼ 130 87

½ 149 93

3/4 163 99 25.4

I 177 105 25.4

1½ 196 117 25.6

2 214 128 25.6

2_ 228 139 25.4

3 242 15I 25.2

4 267 174 25. 0

5 289 198 25.0

6 311 222 2_5.0

8: 356 265 24.5

10 400 311 23.8

12 440 351 23.1

14 481 392 23. I

16 522 432 23.1

18 574 472 • 22.7

20 612 516 22.4

24 692 592' 21.6

28 769 665 21.0

32 847 736 20.4

36 922 80(} 20.2

40 994 874 19.8

44 1064 938' 19. ?

C-21
.... ,, ]" L ..................... - _.....
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TABLE XXI

TEST 101

Plate thickness 1/8"

Time Reference Back Midplane Surface Heating
Temperature Temperature Temperature Temperature Rate

-------__ (°F) L_ _ {°F) __ {°F) (Btu/ft2-sec_

0 80 79 81 80

¼ 100 79 82 105 _

½ 125 79 92 132

3/4 142 82 103 150 22.5

1 154 87 113 162 22.5

1½ 175 102 135 185 21.7

2 195 117 155 205 21.8

2½ 212 129 174 226 21.9

3 231 152 194 245 21.9

4 266 185 232 283 21.9

5 299 218 269 320 21,8

6 332 251 304 355 21.7

7 365 284 340 392 21.7

8 396 316 375 426 21.7

10 460 380 446 495 21.9

12 530 444 518 560 22.0

14 589 505 585 627 22.0

16 650 567 650 691 22.1

18 713 • 628 716 755 22.2

20 771 692 780 818 22.3

22 832 751 843 884 22.5

24 887 810 906 946 22.6

28 999 932 1028 1064 22.4

32 1112 1047 1145 1182 22.4

Loss included with ql = 0. 140 t _



TABLE XXH

:TEST 107

Plate thickness 1/8"
Slug thickness 1/4"

l
Time Reference Slug _ndicated

Temperature :Temperature Heating Rate

'_ -, (°F) -- (°F_ __- _Btu/ft_2-sec)_

_0 82 81

• _ 125 92 27.5

,3/4 _98 27_3

,1 152 _05 27_ 3

1½ :172 .118 27.3

2 192 130 :28.1

12½ •209 143 28.1

_3 "227 L55 28.0

4 262 *_0 27.6

5 299 .207 27.4

•6 334 ,232 27.5

7 370 256 *"

•8 '402 281 1,

10 470 332 "

12 534 3_0 ,,

14 598 431 "

•16 662 ,4_0 "

) '18 724 ._ ,,

20 766 5"/8 "

_2 845 ' 6,24 "

'_ .2_ 905 .67_4 "

28 1019 :_68 "

32 1127 _862 "

', C..._3

1964010813-078
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